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Modeling and diagnostic strategies employed in the development 
and employment of the UW Hybrid Isentropic Model including 
some which have been utilized at NCEP will be briefly reviewed. 
Within an emphasis on the importance of long range transport and
ensuring reversibility, results will be presented which illustrate the 
relevance of these considerations. The aim of the review and results 
presented, however, will be: 1) to raise key issues faced in advancing 
accuracies in the simulation of weather and climate and, 2) to foster 
discussion on strategies to isolate the strengths and current limitations 
of weather and climate models within a unified modeling endeavor
envisaged as a key component of the Earth System Modeling 
Framework.
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Introduction A.  Design of Model Vertical Coordinate
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Fig. 1.  Schematic of meridional cross sections along 104E for 05 August 1981.  The red lines represent 
potential temperature; the black lines represent UW θ−η model surfaces; the green lines represent scaled sigma 
model surfaces.

A key aim of this research is to further understanding of global water 
vapor and inert trace constituent transport in relation to climate change 
through analysis of simulations produced by the global University of 
Wisconsin (UW) hybrid isentropic-sigma coordinate models. Advancing 
the accuracy of the simulation of water substances, aerosols, chemical 
constituents, potential vorticity and stratospheric-tropospheric exchange are 
all critical to DOE’s goal of accurate climate prediction on decadal to
centennial time scales and assessing anthropogenic effects. Research has 
established that simulations of the transport of water vapor, and inert and 
chemical constituents are remarkably more accurate in hybrid isentropic 
coordinate models than in corresponding sigma coordinate models.

Primary Objectives:

§Advance the modeling of climate change by developing an isentropic
hybrid model for global and regional climate simulations.  

§Advance the understanding of physical processes involving water
substances and the transport of trace constituents.  

§Diagnostically examine the limits of global and regional climate
predictability imposed by inherent limitations in the simulation of trace
constituent transport, hydrologic processes and cloud life-cycles.

Key Findings:

§The results demonstrate the viability of the UW θ−η model for long
term climate integration, numerical weather prediction and chemistry.

§The studies document that no insurmountable barriers exist for
realistic simulations of the climate state with the hybrid vertical
coordinate.

§Experiments reported here demonstrate a high degree of numerical
accuracy for the UW θ−η model in simulating reversibility and potential
vorticity transport over 10 day period that corresponds to the global
residence time of water vapor.  

§The UW hybrid θ−η model simulates seasonally varying and interannual
climate scales realistically, including monsoonal circulations associated
with El Nino/La Nina events.

Fig. 9.  Fifteen month record of Anomaly Correlation from the UW θ−η model  
and NCEP Global Forecast System.

Fig. 3.  Same as Fig. 2 except for CCM3 running at T42 horizontal resolution.

NI

Fig. 6.  Global distributions of the difference (DJF 1987-88 minus DJF 1988-89) between seasonally average precipitation 
for DJF 1987-88 and DJF 1988-89 (mm/day) from the (A) Xie and Arkin (1997) climatology 
and (B) UW θ−η model climate simulation.

Regional Air Quality Modeling System (RAQMS)
Collaboration - NASA Langley and the University of Wisconsin - Madison

UW Hybrid θ-η Model
Global model

UW - NMS
Regional non-hydrostatic model

NASA Langley Impact Model
Chemical Module

Multi-scale (global/regional) chemical modeling and data assimilation system

'Observed' RAQMS 
Assimilation

Tropospheric Ozone Residual (TOR) 
Estimate of tropospheric ozone burden

Fig. 7.  The distribution of annual vertically averaged heating (10-1 K/Day) from the 
last 13 years of a 14 year climate run with UW θ−η model.
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Fig. 2.  The top two panels show zonal cross sections of the difference between θe and trace θe 
(CI=2 K) from the UW θ−η model at day 10. Panel C shows a bivariate distribution of θe and trace 
θe at day 10, panel D shows a relative frequency distribution of simulated differences between θe 
and trace θe at days 2.5, 5, 7.5 and 10, and panel E shows a vertical profile of the differences at day 
10.

A.  UW θ−η model along 24S     CI=2 K

Fig. 4.  Bivariate distributions of ozone and a proxy trace ozone.  The “Day 10” distributions from 
the UW θ−η model, UW θ−σ model, and T42 CCM3 are shown in panels (A)-(C) respectively. 

Fig. 8.  The time averaged distributions of precipitation (mm/day) from the 13 year 
UW θ−η model climate simulation for DJF (A) and JJA (B) and from the Xie and
Arkin precipitation climatology for 1979-99 for DJF (C) and JJA (D).

Fig. 5.  The time averaged 
mean sea-level pressure 
distributions from the 13 
year UW θ−η model 
climate simulation for DJF 
(A) and JJA (B) as well as 
differences from the 
NCEP/NCAR reanalysis 
climatology (UW-
NCEP/NCAR) for DJF (C) 
and JJA (D).  

Fig 10.  The UW hybrid model forms the global component of the RAQMS data 
assimilation system.  Figure B shows tropospheric ozone burden (DU) for June-July 
1999 from the RAQMS assimilation while Fig. A is the satellite observed estimate.

Table 2.  A comparison of annually averaged fields from the 13-year UW θ−η model climate simulation to 
observed values. Observational estimates are from a summary by Hack et al. 1998.

Field Observed UW θ−η model

All sky OLR (W m-2) 234.8 238.4

Clear sky OLR (W m-2) 264.0 266.3

Total cloud forcing (W m-2) -19.0 -13.4

Longwave cloud forcing (W m-2) 29.2 27.9

Shortwave cloud forcing (W m-2) -48.2 -41.3

Total Cloud fraction (%) 52.2  to 62.5 60.7

Precipitable water (mm) 24.7 22.8

Precipitation (mm day-1) 2.7 3.1

Latent heat flux (W m-2) 78.0 89.9

Sensible heat flux (W m-2) 24.0 16.3

B.  Accuracy Analysis of Transport and 
Reversibility

C.  UW θ−η Climate Simulations

D.  NCEP and NASA Collaborative Studies

Table 1.  Results from analysis of variance globally for the difference of equivalent potential temperature 
minus its trace (θe-t θe) and three components at day 10.  Units of variance are the square of Kelvin 
temperature (K2).  Quantity in parenthesis is the RMS temperature difference (±K).

B.  UW θ−η model along 59S     CI=2 K

A 
Day 10
UW θ−η

B
Day 10
UW θ−σ

C
Day 10
CCM3

A B

C D

A

A B

The first three columns respectively list the variances of 1) the differences about the area mean 
difference, 2) area mean differences about the grand mean difference and 3) the variance of the grand 
mean difference.  The last column lists the total variance of the differences.



A Statement of Principle Concerning Model Diversity and Diagnostics in 
Relation to the Earth System Modeling Framework (ESMF)

“Within the context of an umbrella for model diagnostics and 
validation, lets us strive to develop an assessment strategy and
capability for advancing global models and the underlying science 
that is independent of the vested interests and developers of model, 
whether they be in the government, academic or private sectors. 
At the same time, the effort should also ensure the mutual interests 
and activities of the major centers and their scientists in a 
community effort that isolates deficiencies and shortcomings of 
global models while advancing modeling accuracies and 
understanding of global and regional modeling of weather and 
climate”.



Several Underlying Considerations Concerning NOAA's       

involvement in the ESMF

The following are several underlying considerations aimed to 
facilitate NOAA’s development of weather and climate models under 
the unified modeling effort envisaged within the ESMF as prepared 
by Donald R. Johnson, NCEP Special Project Scientist in response to 
Louis Uccellini's request as the Director of NCEP:

• The agreement that “model diversity within a community 
framework is required for progress in both weather and climate 
models” is predicated on the premise that no single model or 
approach to modeling the weather climate state at this time or in the 
foreseeable future has achieved the level of accuracy needed for
weather and climate prediction.



• Strategies should focus on ascertaining the strengths and weaknesses of models in 
relation to advancing NOAA’s capabilities for weather and climate prediction 
broadly defined. 

• The underlying issue is how through collaborative utilization of the ESMF and 
working partnerships can NOAA and the larger scientific community advance 
understanding and accuracies for weather and climate prediction. 

• Advancing understanding and prediction of weather and of climate are                 
complementary to each other in implementing an environmental forecasting 
capability in    NOAA that serves the nation’s larger interests. 

• Within the effort to advance weather and climate prediction for their own 
purposes and also to mutually complement each other, there must be recognition on 
the part of the science community, theoreticians, modelers, diagnosticians, and 
operational forecasters that all have a stake and need to contribute to this effort. 

• The challenge then is how to ensure the active engagement of not only those 
within NOAA including ESMF partners, but also the larger scientific community. 



For those who focus on the capabilities of global 
models to simulate monsoons, regional climate and 
medium range weather prediction and those who
recognize the fundamental importance of water, 
moist thermodynamic processes, cloudiness and 
its related impact of radiation and surface energy 
exchange, there should be common agreement 
that the scientific challenges in modeling weather
and climate are one and the same.



While the focus on carbon and global warming lies somewhat 
outside of the focus on medium range weather and seasonal 
climate forecasts, there is the emerging relevance of aerosols, the 
biosphere and related biogeochemical processes, diurnally varying 
land and surface boundary conditions and other processes being 
brought to the forefront that links all. As such, advancing 
accuracies in the simulation of weather and climate in the coming 
decade must be viewed as common challenge, particularly as 
attention is given to implementing an environmental forecasting 
capability that serves the nation’s larger interests.



1. Strategies to assess numerical accuracies of global models utilizing assimilated data as 
initial conditions:

a. Pure error differences of potential temperature, equivalent potential temperature, and 
potential vorticity in relation to appropriate conservation with and without moist 
convective parameterization for differing resolutions, numerics and orders of numerical 
accuracies, etc., examined in the form of scatter diagrams, empirical pdfs and profiles of 
systematic biases.

b. Global and regional analysis of variance of pure error differences including determination 
of systematic biases and component variances---zonal, horizontal, vertical and global.

c. Expansion of the variance of the pure differences, say V(g-tg), yields the sum of the 
variances V(g) and V(tg)  minus two times the covariance Cov(g,tg). 

d. Temporal and spatial integrity of filamentary transport of trace constituents and 
conservation of extremum utilizing proxy initial state constituent conditions consisting
of vertically invariant zonal ring and circular symmetric normal distributions as well as 
other specified distributions.

e.  Integrity of transport of water, chemical and aerosol constituents including appropriate 

conservation in relation to chemical species, families and process interaction.



A challenge common to weather, climate 
and seasonal numerical prediction is the need 
to simulate accurately reversible isentropic 
processes in combination with transport and 
sources of energy and entropy.  A means to 

study model accuracy is to determine its 
capability to simulate the appropriate 

conservation of potential and equivalent 
potential temperature as surrogates of dry and 

moist entropy under reversible adiabatic 
processes in which clouds form, evaporate 

and precipitate. 



An NCAR Reviewers Comment

It is doubtful that strict global conservation of energy and entropy by a
numerical scheme plays a significant role in weather prediction. The 

advantage of center difference schemes like Arakawa and Lamb (1977) 
in conserving energy and entropy are often over-stated while its 

shortcomings (e.g., numerical instability near poles; degradation in 
vorticity advection in divergent flows which results in poor correlation 

between potential vorticity and passive tracers) being ignored.  All 
models need sub-grid damping mechanisms.  How this can be achieved 
can be very different among models.  It should be noted that even the 

Arakawa and Lamb scheme needs artificial smoothing/filtering (in time
and in space) renders all GCMs effectively non-energy conserving and
irreversible.  In standard CCM3 the total energy is nearly conserved 

because, 1) the lost kinetic energy due to hyper-viscosity is added back
to the thermodynamic equation and also due in part, 2) a lucky cancel-
lation between the energy conserving errors in dynamics and physics.



An underlying issue to be examined regarding
reversibility is to determine to what degree if 
any can the appropriate conservation of 
potential vorticity and dry and moist entropy  
be disregarded in the simulation of hydrologic
and chemical processes for weather and climate



Bivariate distributions of
potential vorticity and the
trace potential vorticity as
determined by the strategy 
0f pure error differences 
from stimulations by the 
UW Theta-Eta Model and 
CCM3



Conservation of Equivalent 
Potential Temperature - II



Bivariate Scatter and 
Relative Frequency 

Distributions and Vertical 
Profile of Mean 

Differences



Relative Frequency 
Distributions of Simulated 

Differences



η=2

410 K 368 K 352 K

345 K 339 K

Relative Frequency
Distributions for 
UW θ-η Model 
Level by Level



η=3 η=5

η=6 η=7 η=8

η=4

η=9 η=11η=10

Relative Frequency
Distributions for 
UW θ-η Model 
Level by Level



Relative frequency
distributions for days
2.5, 5.0, 7.5 and 10.0
for four different 
versions of CCM at
the 4.3H level



Relative frequency
distributions for days
2.5, 5.0, 7.5 and 10.0
for four different 
versions of CCM at
the 970.4H level







Less Horizontal Diffusion

Day 10



Day 10 

Convective and large 
scale condensation plus
radiation

Source/sink of θe 
entered in trace 
equation



Dry
Large Scale condensation

combined with Moist 
convective parameterization 

Moist Convection

Day 10

Full Model

Source/sink of θe entered 
in trace equation



Non Conservation of
trace of θe due to 
borrowing of mass



Bivariate Scatter and Relative Frequency 
Distributions and Vertical Profile of 

Mean Differences



CCM3 Result Utilizing Weighted 
Overlapping Quadratic Polynomials





A geometric 
perspective of the 
sums of squares of 

systematic differences 
relative to the 

equiangular line



2. Validation of global and regional model simulations and also model assimilated data 
in relation to observed surface, radiosonde, satellite, aircraft and like measurements.

As part of this validation, both model simulated data and model assimilated data are compared 
against observations to assess how biases in the mean structure and spatial temporal variability 
of weather and climate models impacts assimilated data. 

For weather models the validation involves instantaneous and temporal comparisons with in
situ and remotely sensed observations to determine forecast error spatially and temporally. 

For climate models, the validation involves comparison of simulated distributions 
corresponding with observed distributions; the form and modal nature of the distributions, 
measures of variation including second and higher order moments, etc. 

The key thrusts of both are to assess and determine reasons for model drift and resulting 
biases spatially and temporally for both model simulated and assimilated data relative to the 
actual atmosphere; --- numerics, filtering, sub grid scale parameterizations, numerical and 
physical dissipation, selective numerical damping, non linear interactions, orography, 
deficiencies in resolving scale dependency and diurnal forcing of dry and moist convection 
including interaction with solar and infrared radiation, etc.  Here temporally averaged vertical 
profiles of diabatic and other processes including vertically integrated distributions of the 
various simulated processes over different geographical regions provide relevant information 
for the comparisons. 





Zonally Averaged 
Clouds (%)

McRAS

CCM3











3. Comparative analyses of the global distribution of proxy water vapor 
brightness temperatures calculated from model simulated profiles of 
temperature, pressure and mixing ratio using forward radiance models versus 
observed satellite brightness temperatures

The comparison of the model's simulated water vapor brightness temperatures as 
determined by forward irradiance calculations is to assess drift of a model’s 
simulated water vapor distribution from reality for both weather and climate models.  
For weather models the comparison involves an instantaneous comparison with the 
corresponding satellite observation.  For climate models, the comparison involves 
temporally averaged water vapor brightness temperatures as simulated versus 
corresponding temporally averaged satellite measurements over different seasons, 
different regions and different periods of simulations.  

Similarly the temporally averaged global distribution of a climate model’s simulated 
upwelling irradiance within spectral intervals critical to the determination of the 
vertical distributions of temperature and the spatial distributions of other radiatively
active constituents should be compared with the corresponding temporally averaged 
observed spectral distribution of radiation by satellites.



4. Diagnostics of transport equations in model coordinates, sigma, isentropic, hybrid sigma 
isobaric, hybrid isentropic sigma coordinates – mass, angular momentum, energy, 
water vapor, atmospheric constituents, etc.

The following lists capabilities for diagnostics of transport processes that are embodied 
within the governing equations of weather and climate models. For maximum insight and 
accuracy in the determination of a model’s simulation of the Eulerian components of 
transport and also Lagrangian sources and sinks of properties, the diagnostics should be 
carried out in the coordinate system employed in the model.  Direct diagnostic comparisons 
of corresponding global simulations from model to model are only valid in general with 
integration over the entire vertical extent of a model’s atmosphere.

a. Transport components, zonal mean and eddy, temporal standing and transient, combination 
of zonal and temporal components.

b. Lagrangian sources/sinks computed directly or estimated as a residual from evaluation of the 
transport equation for a property.

c. State structure, vertical averages, zonal averages, vertical-zonal averages, global averages, 
averages over regional domains, averages over arbitrary space and time.

d. Water vapor – P-E (precipitation minus evaporation), residence times, global, tropics,
extratropics, continental domains, ocean basins, arbitrary regions.



Within these comparisons, it is essential to recognize the condition that the 
individual terms of the Eulerian expansion of the Lagrangian source of atmospheric 
properties are not invariant, that is, the tendency and divergence as simulated differs 
from model to model depending on the particular coordinate system employed in the 
representation of the governing equations.  In addition, recognition must be made that 
the transfers of momentum and of energy across temporally and spatially varying 
inclined quasi-horizontal coordinate surfaces by pressure viscous stresses and by work, 
respectively, are coordinate dependent processes.  

In the comparison of the vertical integral of the governing equations among global 
simulations for both weather and climate, efforts should be made to ascertain a given 
model’s capabilities to globally conserve mass, momentum, total energy [kinetic, 
gravitational potential, and internal (including latent energy of phase changes)] and 
other constituents in relation to boundary fluxes. Discrepancies between the vertical 
integral of the interior transport of properties and the boundary fluxes are likely sources 
of bias and random errors within the model simulated atmosphere.

Beside the potential sources of error just noted, there is the issue of a model’s 
capability to simulate reversibility of thermodynamic processes associated with 
transformations among the various components of total energy that is demanded from 
entropy principles in terms of dry and moist adiabatic processes internal to the 
atmosphere.







Regional Air Quality Modeling System (RAQMS)

RAQMS is a meteorological and chemical modeling system 
for assimilating remote and in-situ observations of atmospheric
chemical composition and predicting the distribution of
atmospheric trace gases (air quality). 

•UW Hybrid Global Model (UW θ-η)
•Non Hydrostatic Modeling System (UW-NMS)
•NASA Langley - LaRC Interactive Modeling Project 

for Atmospheric Chemistry and Transport Model

UW - NASA Langley

Ozone assimilation- ECMWF meteorological fields
HALOE, POAMS, SAGE ozone observations
6 hour intervals



Assimilating 3-d observations of 
ozone from HALOE, SAGE and 
POAMS satellite platforms.

Column Integrated Ozone
12Z February 27, 2001.

TOMS Day 15 of assimilation

Day 15 of simulation where
Ozone is forecast



5. Three-dimensional distributions of the Lagrangian sources of 
entropy expressed as potential temperature change in degrees 
per day or specific heat addition determined from diagnostics 
employing the isentropic mass continuity equation.

a. Vertically averaged throughout the atmosphere

b. Layered and vertically averaged over specific layers

c.  Zonal and temporally zonal averaged

d. Vertical profiles

e. Regionally averaged vertical profiles over continents, ocean                                              
basins, and subdomains of continents and oceans representative of   
different climate regimes

f. Arbitrary time and space domains or combinations there of



6. Compare estimates of the Lagrangian sources of entropy 
diagnosed from assimilated data, first guess fields and model 
predicted heating from medium range, subseasonal and seasonal 
forecasts in accord with 5 above.

7.Determine rotational/irrotational components of transport of mass, 
energy, entropy, water vapor and constituent atmospheric 
properties by layer or arbitrary combination of layers by vertical 
integration.

One key purpose of this diagnostic transport calculation is to study      
the role of the temporally averaged mass transport in the long range 
transport of atmospheric properties in relation to the systematic sources 
of entropy by differential heating within monsoons.

In isentropic coordinates, the systematic transport is global in 
extent, in other coordinates, the transport being by ageostrophic motion 
is more or less restricted to the tropics/subtropics.



8.   Mean meridional zonally averaged mass circulations and their 
forcing in accord with Eliassen’s concepts as determined for 
isobaric, sigma, isentropic, model, and hybrid model coordinates
with partitioning into geostrophic and ageostrophic components

For details concerning the generalized form of transport equations appropriate for the 
governing equations of atmospheric models discussed herein, see Johnson, D. R., 1980:  A 
Generalized Transport Equation for Use in Meteorological Coordinates Systems. Monthly 
Weather Review, 108, 733-745.



9. Additional considerations

While the emphasis has been on carrying out diagnostic assessments in the 
coordinate system of a model to preclude vertical interpolation errors, the 
generalized diagnostic capabilities described heretofore include the capability to 
interpolate the state structure of fields from one model coordinate system to 
another, as well as the capability to interpolate to isobaric coordinates.  
Traditionally diagnostic studies of the general circulation have been conducted in 
isobaric coordinates, and as such the 4DDA data sets from reanalysis and 
assimilation for medium range weather prediction include expression in isobaric 
coordinates to facilitate comparisons.  Such comparisons are needed and deserve to 
be continued.  Certain difficulties emerge however in determination of the 
accuracies of a given model.  The most obvious is the difficulty that state variables 
and boundary exchange processes of the various forms of energy and atmospheric 
constituents as well as the transfer of momentum by pressure viscous stresses at the 
earth/atmosphere interface are not accurately specified by the isobaric 
representation.  Neither are the state structure and energy fluxes at the model’s 
upper boundary prescribed adequately.  Then there are the difficulties that vertical 
interpolation errors negate the accuracies needed for assessment of pure error in the 
determination of conservation of moist and dry entropies.


